especially well suited for producing organic/polymeric thin films, which can take advantage from using Nd:YAG laser. Depending on the relative values of light absorption coefficients of the solvent and of the molecules to be deposited, laser energy is directly absorbed by the solvent or is transferred to it, providing a softer desorption mechanism with respect to PLD. In PLD ultraviolet laser radiation is commonly used, but in MAPLE, since easily damaged molecules are usually involved, the use of Nd:YAG laser offers the advantage to allow selecting laser wavelength from ultraviolet (266 nm or 355 nm, corresponding to 4.66 eV or 3.49 eV photon energies, resp.) to visible (532 nm, 2.33 eV) to infrared (1064 nm, 1.17 eV). In this paper, the MAPLE technique is described in details, together with a survey of current and possible future applications for both organic and biomaterial deposition taking into account the advantages of using an Nd:YAG laser. Beside other results, we have experimental confirmation that MAPLE applications are not limited to transparent molecules highly soluble in light absorbing solvent, thus allowing deposition of poorly soluble light absorbing molecules suspended in a light transparent liquid.
Introduction
Matrix-Assisted Pulsed Laser Evaporation (MAPLE) [1] is a thin film deposition technique derived from Pulsed Laser Deposition (PLD) with the aim to make possible the deposition of soft (e.g., polymeric, organic, bio) materials. Indeed, despite PLD is nowadays successfully used to produce highquality thin films [2] , it generally fails when soft materials [3] are considered since the laser beam energy used for target ablation damages such molecules. Conversely, in the MAPLE approach, the target is a frozen solution or suspension of the guest material in a matrix. The term laser evaporation contained in the acronym suggests a guest extraction technique more gentle than laser ablation. Experimental works [4] [5] [6] [7] and simulation studies [8, 9] , however, have shown that the initially proposed evaporation model [1, 3, 10] where laser energy is mainly absorbed by the matrix which evaporates and transfers thermal energy to the guest molecules, being, on their turn, gently desorbed, is not adequate in describing the complex physical process involved in the ablation of such a composite target.
As a consequence, the two conditions originally assumed to be crucial in order to obtain a MAPLE deposition (i.e. the guest material must be highly soluble in the matrix and the laser radiation must be mainly absorbed by the matrix and negligibly absorbed by the guest material) can be relaxed. Several authors have, indeed, experimentally shown that both such conditions are not strictly necessary in order to successfully deposit a thin film of the guest material: MAPLE technique has been used to deposit matrix suspended nanoparticles [12, 13] and light absorbing molecules in a transparent solvent [11, 14] . Given these results, MAPLE deposition should be assumed being characterized only by (a) the presence of a matrix in the target and (b) the absence (or at least a significant reduction with respect to classical PLD technique) of laser-induced damage to guest molecules.
The good results reported, in recent years, by many authors in depositing polymers, biomaterials, and organic molecules for an increasing number of applications [6, [15] [16] [17] [18] justify the large interest in both better understanding the guest extraction mechanism [19] and determining the effect of several deposition parameters [20] [21] [22] [23] (guest/matrix volume fraction, boiling temperature and vapour pressure of matrix, guest damage temperature, laser pulse energy and repetition rate, laser radiation penetration depth, substrate temperature during deposition, etc.) on the MAPLEdeposited film characteristics.
Another important parameter concerning the MAPLE deposition is the wavelength (or photon energy) of the laser light used for target ablation/evaporation. It must be chosen in order to avoid damages to guest molecules (IR radiation corresponds to low-energy photons) but must be absorbed by matrix (most common solvents are almost transparent to IR radiation while they absorb UV radiation). In most MAPLE deposition experiments KrF (emission at 248 nm, UV, 5.00 eV) or ArF (emission at 193 nm, UV, 6.42 eV) lasers or an Nd:YAG laser equipped with Fourth Harmonic Generation (FHG) device (final emission at 266 nm, UV, 4.66 eV) is used as energy source for target ablation. However the use of an Nd:YAG laser has the additional advantage to allow selection of longer wavelengths (VIS or IR) and therefore lower photon energies. The use of lower-energy VIS or IR photons can be advantageous since it reduces damaging actions on soft molecules but has the inconvenience that most solvents are almost transparent to VIS-IR radiation.
Here we summarize the results obtained with a MAPLE deposition system which uses an Nd:YAG laser equipped with Second Harmonic Generation (SHG) and Third Harmonic Generation (THG), in growing thin films for organic electronics (polythiophene, eumelanin) and for biomedical applications (PEG, DOPA, PDLLA). It must be remarked that our experiments confirm that MAPLE applications must not be limited to light transparent molecules highly soluble in light absorbing solvent but can be successfully performed for suspensions of light absorbing molecules (or even molecular aggregates or nanoparticles) in a light transparent liquid.
The MAPLE Deposition Technique
A typical MAPLE deposition system [24] is sketched in Figure 1 and shown in Figure 2 . The target is a frozen (usually at liquid nitrogen temperature) dilute (usually less than few wt%) solution of the delicate material in a volatile solvent. The pulsed laser beam impinging on the target removes from its surface both the light and small solvent molecules and the heavy and large solute ones, but only the latter deposit onto the substrate, placed in proximity of the target, at a distance of few millimeters. On the contrary, solvent molecules are pumped away by the vacuum system. The presence of the matrix (the solvent) eliminates or at least minimizes the photochemical damage of the delicate molecules.
In a first description [3] (assuming that laser radiation is mostly absorbed by the solvent) it was supposed that the solute molecules gain enough kinetic energy, through collective collisions with the evaporating solvent molecules, to be transferred into the gas phase with a soft desorption mechanism.
In some cases [1] thin films deposited with MAPLE technique have shown higher surface uniformity than films deposited with other techniques, but general experimental evidence [5] [6] [7] 25] shows significant surface roughness [4] or curious "deflated balloon" features [26] .
(Molecular Dynamics) MD simulations [8, 9] carried out in order to explain the observed film surface characteristics have shown that the "evaporation" mechanism is rather complex.
The laser beam overheats, up to the limit of its thermodynamic stability, a small surface region of the target. The decomposition of the target surface generates a structure of interconnected liquid regions.
Subsequently such a foamy structure aggregates into a mixture of liquid droplets and gas-phase matrix molecules. Both small (and fast) and large (and slow) clusters generated during the ablation of the MAPLE target are therefore present in the material ejected from the target.
This "matrix/polymer clusters" [8] ejection mechanism provides a valid explanation of the "deflated balloon" surface features and of the surface roughness experimentally observed.
Simulations have been carried out for nonabsorbing solute molecules in an absorbing matrix, but a similar mechanism may take place for absorbing molecules dispersed in a transparent solvent.
In MAPLE depositions we must distinguish between two different situations depending on the relative values of the absorption coefficients of the solute and of the solvent for the selected laser radiation. If the laser energy is mostly absorbed by the frozen solvent, its local abrupt evaporation causes delicate solute molecules to be ejected from target. If, on the contrary, the solvent is almost transparent to laser radiation, the laser energy is mainly absorbed by the solute molecules, but, due to their low concentration, we have a highly nonhomogeneous light absorption. Laser evaporation of a frozen dilute solution of an absorbing solute in a transparent solvent can be assumed similar to laser ablation of a solution with spatially heterogeneous absorption [27] : the ablation efficiency of the heterogeneous solution is higher by more than one order of magnitude with respect to homogeneous absorption (as in PLD). This implies that MAPLE, with respect to PLD, allows reducing laser pulse energy by one order of magnitude, thus greatly reducing the negative effects of laser irradiation.
In any case, compared to PLD, the MAPLE technique results in a more soft mechanism of delicate material (complex polymeric/organic molecules or biomaterials or nanostructures) transfer from target to substrate.
This means that MAPLE deposition technique is suitable for several situations in which other techniques (spin coating, drop casting, etc.) and especially PLD deposition cannot be used, but, on the other side, it requires a fine adjustment of the deposition layout (solvent choice, solute concentration, substrate position, and orientation) and parameters (laser radiation wavelength, beam fluence, pulse duration, pulse repetition rate, substrate temperature). In order to get higher flexibility in the laser wavelength choice, the Nd:YAG laser offers the possibility to use longer wavelengths (266, 355, 532, 1064 nm) and therefore lower energies (4.66, 3.49, 2.33, 1.17 eV) with respect to KrF (248 nm, 5.00 eV) or ArF (193 nm, 6.41 eV) lasers.
MAPLE Applications
MAPLE technique founds a wide range of applications including deposition of polymeric thin films for optoelectronics and for chemical sensors and deposition.
A broad range of MAPLE applications include the deposition of polymeric thin films for optoelectronics and chemical sensors [6, 10, 15, 28, 29] , growth of active protein thin films [5, [30] [31] [32] [33] , polymer-carbon nanotube composites [25, 34] , and films containing nanoparticles [35] .
We have obtained interesting results using Nd:YAG/ MAPLE system for deposition of materials of interest in biomedical (PEG, DOPA, PDLLA) and organic-electronics (polythiophene, eumelanin) applications. are required and the deposition of a film with the same chemical and structural properties of bulk PEG is essential.
Due to its high solubility in water (but also in other common solvents) and its availability in a wide range of molecular weights (from less than 10 3 g/mol to about 10 7 g/mol), PEG is often used as a test molecule for organic/ polymeric thin film depositions.
The KrF laser (UV radiation at 248 nm) is widely used for PLD, however its radiation potentially damages most organic compounds and polymers (e.g., phenyl rings, pervasive in organic chemistry, absorb radiation at 250 nm). MAPLE technique has already been carried out for PEG thin films deposition using ArF laser (UV radiation at 193 nm) [36] , but other researches have tried to use lasers involving longer wavelengths, such as Er:YAG (IR radiation at 2937 nm) [20] or Nd:YAG (third harmonic UV radiation at 355 nm) [7] .
We have recognized, by comparison of the reflectance mode IR spectra of deposited films (Figure 3) , that similar results can be also obtained with visible (Nd:YAG second harmonic at 532 nm) [16] laser radiation.
In most biomedical applications an important issue is the requirement for a mechanism to anchor PEG on the substrate. This is sometimes achieved with polymer functionalization, but at the cost of changing molecular structure. MAPLE is essentially a solvent-free deposition technique (the solvent used as matrix in target does not reaches the substrate) and this easily allows the interposition of an adhesion layer, for example, 3-(3,4-dihydroxyphenyl)-2-methyl-L-alanine (m-DOPA) [37] . a temporary mechanical support for natural tissue regeneration.
Bone regeneration requires scaffolds with adequate properties from both the biological and mechanical points of view: high bioactivity (the ability to react with physiological fluids and form tenacious bonds to tissues through cellular activity) and bioresorbability (the ability to biodegrade), interconnected porosity to allow cell growth, and sufficient hardness to avoid collapsing during handling and after implantation.
The 45S5 Bioglass is a commercially available material [38] whose main advantage is its high bioactivity. Bioglass scaffolds produced using the foam replica technique [39] are good candidates for bone regeneration. However, the resulting bioglass-based glass-ceramic scaffolds (Figure 4 ) are very brittle. Several approaches, mainly combining it with synthetic polyesters, such as Poly(D,L-lactide) (PDLLA), have been proposed in order to improve the mechanical properties of brittle bioactive glass scaffolds for bone tissue engineering. However the polymeric coating cannot be obtained by immersion since it must maintain the porosity of the structure. This requirement has induced us to use the MAPLE deposition technique in order to obtain a graded structure with a core made fully of bioglass and an outer layer made of the polymer-coated bioglass [11, 18] . The SEM image of the surface of a PDLLA-coated bioglass scaffold ( Figure 5 ) and the EDX analysis carried out in several spots (insets in the same figure) shows that deposition is discontinuous forming discrete fibrils covering partially the surface of the pores. Since fibrils penetrate the pores, they are expected to provide a bridging element to impede the propagation of cracks, thus improving mechanical properties of scaffold structure.
3.2.
Polythiophene. Semiconducting properties of conjugated polymers are due to the high extent of π orbitals delocalisation, thus forming a valence band of overlapping π bonds and a conduction band of overlapping π * antibonding orbitals. Within polyconjugated systems, substituted polythiophenes spin-coated films have given interesting results for its conductive properties [40, 41] . Charge mobility is affected by both polymer conjugation length and chain packing, so that highly regioregular polymers are required. We have successfully used MAPLE technique in order to deposit regio-regular H-T poly [3-(4-octyloxyphenyl)thiophene] (POOPT) thin films on glass ( Figure 6 ) and KBr substrates [24, 42] and examined the effect of substrate temperature on the conformation and structure of the films [21] . FTIR Figure 7: DRIFT-IR spectra of POOPT drop cast and MAPLE deposited using different laser radiation wavelength (IR: 1064 nm, VIS: 532 nm, and UV: 355 nm). The shape and intensity of the 1270 cm −1 band suggest a highly regular disposition of the polymer side chains and, consequently, of the polymer backbone. The lowering of the bands at 560 cm −1 and at 806 cm −1 in films deposited using IR or UV laser radiation suggests that in these films some decomposition phenomena occurred, likely at the polymer backbone-side chain level. analysis ( Figure 7) suggests that laser radiation at 532 nm is the better choice for MAPLE deposition of POOPT films.
As observed before, MAPLE deposition technique often leads to a cluster deposition, but it is also well known that the temperature of the substrate during film deposition is able to change the morphology and other film characteristics.
UV-Vis spectroscopy gives information about films conformation and packing since the position of the absorption peak in the visible region is affected by the polymer steric conformation and suggests an increase of its planarization due to simultaneous decrease of the random coil conformation and increase of untwisted configuration.
Our main result (Figure 8 ) is the observation that the polymer conjugation length increases with increasing substrate temperature during deposition, and at about 150-180
• C, it is slightly higher than the one obtained for spin coated films; substrate temperature increase also promotes side-chain commutation to different steric configurations.
Eumelanin.
Eumelanin is an important pigment almost ubiquitous in animals and plants exhibiting interesting charge transport capabilities, but its poor solubility in common solvents represents a severe limitation for the realization of thin films. As observed previously, MAPLE deposition technique can be successfully performed starting from a frozen suspension. Since eumelanin light absorption ranges aver the whole visible spectrum but is lower for higher wavelengths, we can take advantage from the Nd:YAG laser, using infrared (1064 nm) radiation in order to reduce the risk of damaging molecules during target ablation.
Therefore eumelanin thin films [43, 44] have been successfully deposited with MAPLE technique from a frozen water suspension using infrared laser radiation even if the low laser absorption of ice together with the high absorption of eumelanin suggests that the target ablation is due to laser energy absorbed by the eumelanin molecules, followed by thermal energy transfer and ejection of ice/water/vapour containing undamaged eumelanin molecules and supramolecular structures.
Due to the presence of supramolecular structures, eumelanin films show some surface roughness (Figure 9 ). Changing deposition parameters (e.g., reducing deposition rate by reducing laser pulse repetition rate) reduces surface roughness. On the contrary, deposition on heated substrates increases film roughness ( Figure 10 ) while postannealing is ineffective [44] .
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Preliminary electrical characterization shows that current-voltage plots seem to obey Ohm's law without evidence of the to be affected by the presence of significant energy barriers, charge transport being drastically reduced in vacuum, even if the phenomenon is at least partially reversible.
Conclusions and Future Applications
A lot of effort is currently devoted to the study of devices using organic or biological materials and nanostructures. In most cases the deposition of thin or multilayered films is required. In most cases PLD fails in depositing such soft materials damaging them during ablation. On the contrary MAPLE is well suited as a laser deposition technique capable to avoid structural damages to the material of interest.
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The experimental results obtained show that MAPLE deposition technique can take advantage from the use of a Nd:YAG laser equipped with second and third harmonic generation (SHG/THG) devices (wavelengths 1064 nm, 532 nm, and 355 nm) in order to (i) produce multilayered film structures, (ii) add surface layers to three-dimensional porous structure partially maintaining its porosity, and (iii) grow thin film starting from a suspension of light absorbing molecular aggregates.
Our experiments have shown that MAPLE applicability goes beyond classical situations (thin film deposition obtained from light transparent molecules highly soluble in light absorbing solvent) but can be used for deposition of soft materials on tridimensional structures, of poorly soluble guest molecules and of light absorbing molecules.
Of special interest is the possibility to obtain eumelanin thin films. Given the capability of melanin molecules to interact with metallic ions, we think that the charge transport properties of doped eumelanin thin films must be investigated in view of the realization of innovative devices.
It is also clear that the deposition layout (solvent choice, solute concentration, substrate position, and orientation) and parameters (laser wavelength, beam pulse repetition rate, pulse duration, substrate temperature) are critical in avoiding cluster creation during deposition and reducing film roughness. Some experimental and theoretical effort must be actually devoted to reach a fully understanding of the MAPLE deposition mechanism.
